Introduction {#section1-1559325818774977}
============

Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by abnormal immune function, joint synovial hyperplasia, articular cartilage, and joint destruction, but its details of the underlying mechanism remain unknown.^[@bibr1-1559325818774977]--[@bibr2-1559325818774977]^ Tumor necrosis factor α is a pro-inflammatory cytokine associated with RA, which contributes to chronic, low-grade inflammation and plays a pivotal role in the development of RA.^[@bibr3-1559325818774977]--[@bibr4-1559325818774977]^ Studies showed that the antibody blocking tumor necrosis factor α (TNF-α) could significantly reduce the expression of TNF-α of patients with RA.^[@bibr5-1559325818774977]^ Therefore, the TNF-α blockade will be conducive to preventing RA inflammation. Tumor necrosis factor α inhibitors, such as etanercept, have shown miraculous curative effect in RA therapy. It not only significantly improved the clinical symptoms of most patients with RA but also significantly reduced the disease activity of RA.^[@bibr6-1559325818774977][@bibr7-1559325818774977]--[@bibr8-1559325818774977]^

Paeoniflorin (PF, [Figure 1](#fig1-1559325818774977){ref-type="fig"}) is one of the bioactive monoterpene glucoside in Paeoniae Radix, the roots of *Paeonia suffruticosa Andr*, which has various pharmacological effects such as anti-inflammation and regulating immunity, and so on.^[@bibr9-1559325818774977]^ Today, it has been widely used in treating patients with RA in traditional Chinese herbal medicine with a good therapeutic effect, but its mechanism for treating RA is unclear. We hypothesized that PF may be adopted as a kind of TNF-α inhibitors to treat RA by antagonizing the TNF-α pathway. The fibroblastoma cell line L929 is highly sensitive to TNF-α-induced cell apoptosis and widely used to explore the mechanisms underlying TNF-α-induced cells apoptosis.^[@bibr10-1559325818774977]^ So, it could be selected as a model for studying the antagonistic action of PF on TNF-α pathway. The present study was designed to investigate the mechanism of PF treating RA, through exploring the protective effect of PF on L929 cell apoptosis induced by TNF-α.

![Chemical structure of paeoniflorin (PF).](10.1177_1559325818774977-fig1){#fig1-1559325818774977}

Materials and Methods {#section2-1559325818774977}
=====================

Drugs and Reagents {#section3-1559325818774977}
------------------

Paeoniflorin (purity \> 98.5%, Sigma-Aldrich, [Figure 1](#fig1-1559325818774977){ref-type="fig"}) was dissolved in phosphate-buffered saline (PBS) according to the manufacturer's instructions. RPMI1640 was purchased from HyClone Inc (Logan, Utah, USA); Fetal bovine serum from Gibco Co; Recombinant mouse TNF-α was purchased from Hangzhou biologic biotechnology Limited; anti-NF-κBp65 antibody was purchased from Cell Signaling Technology Inc (Beverly, MA, USA); β-actin antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA); Annexin V/Propidium Iodide (PI) staining kit (BD Biosciences Pharmingen, California, USA); Hoechst 33342, BCA kit was purchased from Beyotime Biotechnology Inc (Hangzhou, China); sulforhodamine B (SRB) was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell Culture and Drug Preparation {#section4-1559325818774977}
---------------------------------

L929 cell line was purchased from American Type Culture Collection. L929 cells were grown in RPMI1640 medium (supplemented with 100 U·mL^−1^ penicillin, 100 U·mL^−1^ streptomycin, and 10% fetal bovine serum) and cultured in the incubator of 37°C. According to Jin et al,^[@bibr11-1559325818774977]^ PF was dissolved in PBS, and serial dilutions (52, 26, 13, 6.5, 3.25, 1.625, and 0.813 μg·mL^−1^) were prepared as the drug treatment.

Measurement of Cytotoxicity of PF and TNF-α {#section5-1559325818774977}
-------------------------------------------

L929 cells of the stationary phase were plated to a 96-well plate at a density of 1 × 10^4^ cells/well. According to Vanlangenakke et al,^[@bibr10-1559325818774977]^ L929 cells were treated with serial dilutions of TNF-α (40, 20, 10, 5, 2.5, 1.25, and 0.63 ng·mL^−1^) and PF (52, 26, 13, 6.5, 3.25, 1.625, and 0.813 μg·mL^−1^) for 24 hours. Then, the viability of L929 cells was measured by SRB, as described by Bahadori et al.^[@bibr12-1559325818774977]^ According to the absorbance value, Optical Density (OD), we calculated cell viability rate: cell viability rate = 1 − (OD490~test~ − OD490~blank~)/(OD490~control~ − OD490~blank~) × 100%.

Cytomorphology {#section6-1559325818774977}
--------------

L929 cells of the stationary phase were plated to a 6-well plate at a density of 2 × 10^5^ cells/well, treated with TNF-α (10 ng·mL^−1^, obtained by SRB) and different concentrations of PF for 24 hours. The morphological changes of L929 cells with different concentrations of PF were observed by an inverted microscope at ×100 magnification.

Hoechst33342 Fluorescent Staining {#section7-1559325818774977}
---------------------------------

L929 cells of the stationary phase were plated to a 24-well plate at a density of 1 × 10^5^ cells/well, treated with TNF-α (10 ng·mL^−1^) and different concentrations of PF solution for 24 hours. Then L929 cells were stained with Hoechst 33342 at 37°C for 20 minutes and then washed 2 times with PBS. Nuclear condensation and DNA fragmentation were visualized by fluorescence microscopy.

Flow Cytometric Analysis {#section8-1559325818774977}
------------------------

Cell apoptosis of TNF-α-induced L929 cells was analyzed by Annexin-V/PI. Briefly, cells were harvested by trypsin digestion. Dual staining with Fluorescein Isothiocyanate (FITC)-conjugated Annexin V and PI was carried out to detect the cell apoptotic inducted by TNF-α. Cells were washed with PBS and suspended in 100 μL binding buffer (containing 1 μg·mL^−1^ Annexin V-FITC and 5 μg·mL^−1^ PI). Following incubated for 15 minutes at room temperature, cells were analyzed by flow cytometry. Annexin V-positive/PI-negative signifies apoptotic cells, whereas Annexin V/PI double positive signifies necrotic cells.

Detection of the Expression of NF-κBp65 {#section9-1559325818774977}
---------------------------------------

Western blotting analysis was performed as described previously.^[@bibr13-1559325818774977]^ Briefly, L929 cells were lysed and harvested with lysis buffer. After centrifugation, the supernatants were subjected to Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE), followed by transferring to nitrocellulose membranes. Nitrocellulose membranes were incubated with 5% (wt/vol) dry nonfat milk in washing buffer at room temperature for 2 hours to block the nonspecific protein binding. Anti-NF-κBp65 antibody was diluted in washing buffer containing 5% (wt/vol) nonfat milk and applied to the membranes, overnight at 4°C. After extensive washing, the membranes were incubated with fluorescence antibodies for 2 hours at room temperature and washed 3 times. Target protein and β-actin were analyzed by using software of WCIF Image J.

Statistical Method {#section10-1559325818774977}
------------------

The data was analyzed by Graphpad Prism 7.0 and SPASS 22.0 and shown as mean (standard deviation \[SD\]; n = 3). Student *t* test was employed to determine significance between 2 groups and 1-way analysis of variance was used to determine significance among several groups. Differences were considered statistically when *P* \< .05.

Results {#section11-1559325818774977}
=======

Effect of PF and TNF-α on the inhibition of L929 cells {#section12-1559325818774977}
------------------------------------------------------

Sulforhodamine B was performed to exclude the possibility of cytotoxicity of PF and TNF-α on L929 cells that could misinterpret results. As shown in [Figure 2A](#fig2-1559325818774977){ref-type="fig"}, the data obtained from Graphpad Prism 7.0 showed that IC50 (half maximal inhibitory concentration) value of TNF-α for 24 hours was 4.786 ng·mL^−1^. Moreover, L929 cells treated with PF in the concentration of 0.813 to 26 μg·mL^−1^ for 24=hours did not show significant cytotoxicity ([Figure 2B](#fig2-1559325818774977){ref-type="fig"}). Therefore, L929 cells were treated with TNF-α (10 ng·mL^−1^) and PF (0.813-26 μg·mL^−1^) incubated for 24 hours. Then, the inhibition rate was calculated and compared to the TNF-α (10 ng·mL^−1^) control group. We concluded that PF could significantly reduce the inhibitory effect of TNF-α (10 ng·mL^−1^) on L929 cells in the range of 1.625 to 26 μg·mL^−1^, which was statistically significant and a certain concentration correlation ([Figure 2C](#fig2-1559325818774977){ref-type="fig"}). These results indicated that TNF-α could inhibit the proliferation of L929 cells, whereas PF could antagonize this effect.

![Effect of paeoniflorin (PF) on L929 cell proliferation. A, According to the OD value, we calculated cell viability rate: cell viability rate = 1 − (OD490~test~ − OD490~blank~)/(OD490~control~ − OD490~blank~) × 100%. Graphpad Prism 7.0 was employed to calculate IC50 for further experiment. B, The cytotoxicity of PF on L929 cells. L929 cells were treated with increasing concentrations of PF (from 0.813 to 52 μg·mL^−1^ for 24 hours, the cell viability was then determined by sulforhodamine B (SRB). C, Dose-dependent inhibition changes of L929 cells with PF incubation of 24 hours (10 ng·mL^−1^ tumor necrosis factor α \[TNF-α\] as positive control). Compared to TNF-α (10 ng·mL^−1^) group, \**P* \< .05, \*\**P* \< .01 (n = 3).](10.1177_1559325818774977-fig2){#fig2-1559325818774977}

Morphological Observation {#section13-1559325818774977}
-------------------------

L929 cells were incubated with different doses of PF and TNF-α (10 ng·mL^−1^). Control group and TNF-α (10 ng·mL^−1^) group were set up. After being cultured for 24 hours, results showed that the cell density of TNF-α (10 ng·mL^−1^)-treated group ([Figure 3B](#fig3-1559325818774977){ref-type="fig"}) decreased significantly, compared to the control group ([Figure 3A](#fig3-1559325818774977){ref-type="fig"}), and morphology changes (shrink, round, poor refractive index, and irregular cell edge) were observed by an inverted light microscope. The morphology of L929 cells changed greatly and the number of fusiform cells increased, while shrinkage cells decreased with the increase of PF concentrations. These results indicated that PF could effectively improve the TNF-α-induced adverse changes in L929 cells.

![(×100) Effect of paeoniflorin (PF) on the morphologic changes in L929 cells. A, Control; B, tumor necrosis factor α (TNF-α; 10 ng·mL^−1^); C-F, TNF-α (10 ng·mL^−1^) + PF (3.25, 6.5, 13, and 26 μg·ml^−1^).](10.1177_1559325818774977-fig3){#fig3-1559325818774977}

Observation of Hoechst 33342 Staining {#section14-1559325818774977}
-------------------------------------

L929 cells were incubated with TNF-α (10 ng·mL^−1^) and different doses of PF. Solvent control group and TNF-α (10 ng·mL^−1^) group were set up. The results of hoechst33342 staining and fluorescence microscopy showed that the L929 cells in the control group were homogeneous and clear, and the nucleus were homogeneous blue. However, a large number of apoptotic cells were observed in the TNF-α (10 ng·mL^−1^) group, and the nucleus was condensed into dense and concentrated staining state. After being incubated with different doses of PF, apoptotic cells were significantly reduced and cellular state were improved with the increase of PF concentrations ([Figure 4](#fig4-1559325818774977){ref-type="fig"}).

![Paeoniflorin (PF) suppress tumor necrosis factor α (TNF-α)-induced cell apoptotic in L929 cells. A, L929 cells were treated with 10 ng·mL^−1^ TNF-α and various doses of PF for 24 hours. Cell apoptotic was measured by Annexin-V/PI double staining. B, The percentages of cell death are shown in the lower panel as mean (standard deviation \[SD\]; n = 3). Compared to TNF-α (10 ng·mL^−1^) group, \*\**P* \< 0.01, \**P* \< 0.05.](10.1177_1559325818774977-fig4){#fig4-1559325818774977}

Paeoniflorin Suppress TNF-α-Induced Cell Apoptotic in L929 Cells {#section15-1559325818774977}
----------------------------------------------------------------

It remains unknown whether PF can promote TNF-α-induced cell apoptosis in L929 cells.^[@bibr14-1559325818774977]^ For this purpose, L929 cells were treated with different doses of PF for 24 hours, after stimulating with 10 ng·mL^−1^ TNF-α. Surprisingly, cell apoptosis assay with Annexin-V/PI double staining revealed that PF could significantly suppress TNF-α-induced cell apoptosis in L929 cells, which is dose-dependent ([Figure 5](#fig5-1559325818774977){ref-type="fig"}).

![(×100) Effect of paeoniflorin (PF) on the apoptosis of L929 cells. A, Control; B, tumor necrosis factor α (TNF-α; 10 ng·mL^−1^); C-F, TNF-α (10 ng·mL^−1^) + PF (3.250, 6.5, 13, and 26 μg·mL^−1^).](10.1177_1559325818774977-fig5){#fig5-1559325818774977}

Paeoniflorin Suppresses TNF-α-Induced Apoptosis in L929 Cells via Inhibition of NF-κBp65 {#section16-1559325818774977}
----------------------------------------------------------------------------------------

Western blotting was explored to analyze the expression of NF-κBp65 in L929 cells with different doses of PF. It was found that L929 cells coincubated with different doses of PF and TNF-α (10 ng·mL^−1^) for 24 hours. With the increase in PF concentration, high expression of NF-κBp65 induced by TNF-α was significantly inhibited, showing a certain concentration correlation between 1.625 and 26 μg·mL^−1^ ([Figure 6](#fig6-1559325818774977){ref-type="fig"}).

![Effect of paeoniflorin (PF) on activation of NF-κBp65 of L929 cells. A, Western blotting was explored to analyze the expression of NF-κBp65 in L929 cells with different concentrations of PF. B, Western blotting shows expression of NF-κBp65 is increased by tumor necrosis factor α (TNF-α) and reduced by PF. Representative blots from 3 independent experiments are shown (*\*\*P* \< .01).](10.1177_1559325818774977-fig6){#fig6-1559325818774977}

Discussion {#section17-1559325818774977}
==========

Tumor necrosis factor α is an important regulator of RA, which plays an important role in synovial lesions and cartilage matrix degradation.^[@bibr15-1559325818774977]^ Inhibiting the expression of TNF-α could significantly reduce the incidence of RA.^[@bibr16-1559325818774977]--[@bibr17-1559325818774977]^ In this work, results showed that PF at the doses of 1.625 to 26 μg·mL^−1^ can reduce the inhibitory effect of TNF-α on L929 cell growth in a dose-dependent manner ([Figure 2](#fig2-1559325818774977){ref-type="fig"}). Morphological observations showed that the cells treated by PF were significantly improved, whereas TNF-α-treated cells showed a decrease in cell density, morphological changes, refractive degeneration, and the proliferation of crinkled cells ([Figure 3](#fig3-1559325818774977){ref-type="fig"}). Studies also showed that PF has a significant anti-inflammatory effect, and its mechanism is related to the inhibition of the production of inflammatory mediators.^[@bibr18-1559325818774977]^

L929 cells are highly sensitive to TNF-α-induced apoptosis, and the abnormal increase in TNF-α may play a leading role in the pathogenesis of RA.^[@bibr16-1559325818774977],[@bibr19-1559325818774977]^ Therefore, it is helpful to investigate the apoptosis effect of PF on TNF-α-induced L929 cells for a comprehensive understanding of the mechanisms of PF on RA. Our results showed that apoptotic cells were significantly reduced after being incubated with different doses of PF, whereas the homogeneous blue nuclei and a large number of apoptotic cells were observed in the TNF-α (10 ng·mL^−1^)-treated cells ([Figure 5](#fig5-1559325818774977){ref-type="fig"}). Cell apoptosis assay with Annexin-V/PI double staining revealed that PF could significantly suppress TNF-α-induced L929 cell apoptosis in a dose-dependent manner ([Figure 4](#fig4-1559325818774977){ref-type="fig"}).

In addition, TNF-α is an important cytokine that induces the activation of NF-κBp65 in vivo. Studies have found that the expression of NF-κB in the synovial membrane of patients with RA is increased and the activity is significantly higher in patients with RA than osteoarthritis.^[@bibr20-1559325818774977]--[@bibr21-1559325818774977]^ The classical NF-κB pathway plays an important role in the inflammatory process of RA, through up expression of p65.^[@bibr22-1559325818774977]^ According to these mechanisms, the anti-inflammatory properties of PF, such as attenuation of cell apoptosis, may attribute to the suppression of NF-κB activation in L929 cells. Our results showed that PF could inhibit activation of NF-κBp65, whereas NF-κBp65 may contribute to inflammatory-related complex cellular pathways, and it is also one of the mechanisms of its therapeutic effect on RA ([Figure 6](#fig6-1559325818774977){ref-type="fig"}). Moreover, Jia et al^[@bibr23-1559325818774977]^ also showed that inhibiting NF-κBp65 signaling pathway could play a suppressive role in RA inflammatory response, which supports the effect of PF on suppression of NF-κBp65 in TNF-α-induced L929 cells.

Taken together, our study reveals a mechanism underlying TNF-α-induced cell apoptosis: PF could inhibit the activity of NF-κBp65 and apoptosis of L929 cells induced by TNF-α, suggesting that PF may play a role in the treatment of RA through the antagonism of TNF-α pathway.
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